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OPTICAL SENSOR AND IMAGE SENSOR 
INCLUDING GRAPHENE QUANTUM DOTS 

CROSS - REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] This application claims priority under 35 U . S . C . § 
119 to Korean Patent Application Nos . 10 - 2017 - 0003399 , 
filed on Jan . 10 , 2017 , and 10 - 2017 - 0035505 , filed on Mar . 
21 , 2017 , in the Korean Intellectual Property Office , the 
disclosures of which are incorporated herein in their entirety 
by reference . 

BACKGROUND 
1 . Field 

[ 0002 ] The present disclosure relates to an optical sensor , 
an image sensor , and / or more particularly , to an optical 
sensor and / or image sensor including graphene quantum 
dots to which a functional group is bonded . 

2 . Description of Related Art 
[ 0003 ] Silicon semiconductors commonly used in optical 
sensors and / or image sensors exhibit significantly lower 
quantum efficiencies for the infrared ray band compared to 
quantum efficiencies thereof for the visible ray band . There 
fore , other materials are being developed for optical sensors 
and / or image sensors . Optical sensors may be used for 
various purposes , including as a biometric authentication 
sensor , a low - light sensitivity enhancing device , a night 
vision sensor , and an autonomous navigation sensor . 

SUMMARY 
[ 0004 ] According to some example embodiments , an opti 
cal sensor includes a first electrode , a graphene quantum dot 
layer , and a second electrode on the graphene quantum dot 
layer . The graphene quantum dot layer includes a plurality of 
first graphene quantum dots bonded to a first functional 
group and a plurality of second graphene quantum dots 
bonded to a second functional group that is different from 
the first functional group . The graphene quantum dot layer 
may be on the first electrode . 
[ 0005 ] In some example embodiments , the first functional 
group may be bonded to one or more carbon atoms at an 
outermost portion of the plurality of first graphene quantum 
dots , and the second functional group may be bonded to one 
or more carbon atoms disposed at an outermost portion of 
the plurality of second graphene quantum dots . 
[ 0006 ] In some example embodiments , the plurality of 
first graphene quantum dots may be configured to absorb 
light of a first wavelength band , and the plurality of second 
graphene quantum dots may be configured to absorb light of 
a second wavelength band that is different from the first 
wavelength band . 
[ 0007 ] In some example embodiments , the graphene quan 
tum dot layer may further include a plurality of third 
graphene quantum dots bonded to a third functional group 
that is different from the first functional group and the 
second functional group , and the plurality of third graphene 
quantum dots may be configured to absorb light of a third 
wavelength band that is different from the first and second 
wavelength bands . 
[ 0008 ] In some example embodiments , each of the first 
functional group and the second functional group may 

include at least one of — NO2 , - NH2 , CH3 , OH , 
COOH , ?O , CHO , COCH3 , 2 ( C = ) ) ~ , F , 

_ H , _ CON ( CH3 ) 2 , CH3OH , CO NHA , 
- N ( CH3 ) 2 , alkylamine , aniline , or polyethylene glycol 

( PEG ) . 
[ 0009 ] In some example embodiments , the plurality of 
first graphene quantum dot may have a first size , and the 
plurality of second graphene quantum dots may have a 
second size that is different from the first size . 
[ 0010 ] In some example embodiments , the graphene quan 
tum dot layer may have a thickness that ranges from about 
50 nm to about 100 um , for example . 
[ 0011 ] In some example embodiments , the optical sensor 
may further include a semiconductor layer between the first 
electrode and the graphene quantum dot layer . 
[ 0012 ] . In some example embodiments , the semiconductor 
layer may include at least one of silicon , a compound 
semiconductor material , an organic semiconductor material , 
and a 2 - dimensional semiconductor material having a band 
gap and a 2 - dimensional crystal structure , and the semicon 
ductor material may form a Schottky barrier between the 
semiconductor layer and the first electrode . 
[ 0013 ] . In some example embodiments , an energy differ 
ence between the lowest unoccupied molecular orbital 
( LUMO ) energy level of the graphene quantum dot layer and 
the valence band of the semiconductor layer may be smaller 
than an energy difference between the work function of the 
first electrode and the conduction band of the semiconductor 
layer . 
10014 ] In some example embodiments , the 2 - dimensional 
semiconductor material may include a transition metal 
dichalcogenide ( e . g . , a compound of a transition metal and 
a chalcogen element ) . 
[ 0015 ] In some example embodiments , the transition 
metal may include at least one of tin ( Sn ) , niobium ( Nb ) , 
tantalum ( Ta ) , molybdenum ( Mo ) , tungsten ( W ) , hafnium 
( Hf ) , titanium ( Ti ) , or rhenium ( Re ) , and the chalcogen 
element may include at least one of sulfur ( S ) , selenium ( Se ) , 
or tellurium ( Te ) . 
[ 0016 ] In some example embodiments , the semiconductor 
layer may include a first semiconductor layer on the first 
electrode and a second semiconductor layer on the first 
semiconductor layer . The first semiconductor layer may be 
doped to a first conductivity type , and the second semicon 
ductor layer may be doped to a second conductivity type that 
is electrically opposite the first conductivity type . 
[ 0017 ] In some example embodiments , the second elec 
trode may be a transparent electrode . 
( 0018 ] In some example embodiments , the optical sensor 
may include an optical sensing layer on the first electrode 
and the optical sensing layer may include the graphene 
quantum dot layer . 
[ 0019 ] According to some example embodiments , an opti 
cal sensor includes a first electrode , a semiconductor layer 
on the first electrode , a graphene quantum dot layer on the 
semiconductor layer , and a second electrode on the graphene 
quantum dot layer . The graphene quantum dot layer includes 
a plurality of first graphene quantum dots bonded to a first 
functional group , A material of the semiconductor layer 
forms a Schottky barrier between the semiconductor layer 
and the first electrode . 
[ 0020 ] In some example embodiments , an energy differ 
ence between the lowest unoccupied molecular orbital 
( LUMO ) energy level of the graphene quantum dot layer and 
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the valence band of the semiconductor layer may be smaller 
than an energy difference between the work function of the 
first electrode and the conduction band of the semiconductor 
layer . 
[ 0021 ] In some example embodiments , the graphene quan 
tum dot layer may further include a plurality of second 
graphene quantum dots bonded to a second functional group 
that is different from the first functional group . The plurality 
of first graphene quantum dots may be configured to absorb 
light of a first wavelength band , and the plurality of second 
graphene quantum dots may be configured to absorb light of 
a second wavelength band that is different from the first 
wavelength band . 
[ 0022 ] In some example embodiments , the semiconductor 
layer may include a first semiconductor layer on the first 
electrode and a second semiconductor layer on the first 
semiconductor layer . The first semiconductor layer may be 
doped to a first conductivity type , and the second semicon 
ductor layer may be doped to a second conductivity type that 
is electrically opposite the first conductivity type . 
[ 0023 ] In some example embodiments , the optical sensor 
may include a plurality of semiconductor layers and a 
plurality of graphene quantum dot layers that are alternately 
disposed between the first electrode and the second elec 
trode . The first electrode and the second electrode may face 
each other . The second electrode may be on the first elec 
trode . The graphene quantum dot layer may include a 
plurality of first graphene quantum dots bonded to a first 
functional group . The plurality of semiconductor layers may 
include a first semiconductor layer on the first electrode and 
a second semiconductor layer between two adjacent gra 
phene quantum dot layers among the plurality of graphene 
quantum dot layers . The first semiconductor layer may be 
the semiconductor layer such that a material of the first 
semiconductor layer may form a Schottky barrier between 
the plurality of semiconductor layers and the first electrode . 
[ 0024 ] In some example embodiments , an energy differ 
ence between the lowest unoccupied molecular orbital 
( LUMO ) energy level of the graphene quantum dot layer and 
the valence band of the first semiconductor layer may be 
smaller than an energy difference between the work function 
of the first electrode and the conduction band of the first 
semiconductor layer , and an energy difference between the 
highest occupied molecular orbital ( HOMO ) energy level of 
the graphene quantum dot layer and the conduction band of 
the second semiconductor layer may be smaller than an 
energy difference between the work function of the first 
electrode and the conduction band of the first semiconductor 
layer . 
[ 0025 ] In some example embodiments , thicknesses of 
each of the second semiconductor layers may be configured 
to allow tunneling in each of the second semiconductor 
layers . 
[ 0026 ] According to some example embodiments , an 
image sensor includes the above - described optical sensor 
and a signal processing layer configured to process an 
optical signal detected by the optical sensor into an electric 
signal . The image sensor may include an optical sensing 
layer on the first electrode . The optical sensing layer may 
include a first optical sensing layer configured to sense light 
of a first wavelength band and a second optical sensing layer 
configured to sense light of a second wavelength that is 
different from the first wavelength band . The first optical 
sensing layer may include the first graphene quantum dot 

layer including the plurality of graphene quantum dots 
bonded to the first functional group , and the second optical 
sensing layer including the second graphene quantum dot 
layer including the plurality of graphene quantum dots 
bonded to the second functional group that is different from 
the first functional group . 
[ 0027 ] In some example embodiments , the optical sensing 
layer may further include a third graphene quantum dot layer 
including a plurality of graphene quantum dots bonded to a 
third functional group that is different from the first and 
second functional groups ; and a fourth graphene quantum 
dot layer including a plurality of graphene quantum dots 
bonded to a fourth functional group that is different from the 
first through third functional groups . 
[ 0028 ] In some example embodiments , sizes of the first 
through fourth graphene quantum dots may be different from 
one another . 
[ 0029 ] According to some example embodiments , an opti 
cal sensor includes a first electrode , a graphene quantum dot 
layer on the first electrode , and a second electrode on the 
graphene quantum dot layer . The graphene quantum dot 
layer includes a plurality of first graphene quantum dots 
bonded to a first functional group and a plurality of second 
graphene quantum dots bonded to a second functional group 
that is different from the first functional group . 
[ 0030 ] In some example embodiments , the plurality of 
first graphene quantum dots may be configured to absorb 
light of a first wavelength band , and the plurality of second 
graphene quantum dots may be configured to absorb light of 
a second wavelength band that is different from the first 
wavelength band . 
[ 0031 ] In some example embodiments , each of the first 
functional group and the second functional group may 
include at least one of — NO , , — NH , CHz , — OH , 
COOH , = O , CHO , COCHZ , - ( C = O ) - , - F , 

_ H , CON ( CH3 ) 2 , CH3OH , CO NHA , 
- N ( CH3 ) 2 , alkylamine , aniline , or polyethylene glycol 

( PEG ) . 
[ 0032 ] In some example embodiments , the optical sensor 
may further include a semiconductor layer between the first 
electrode and the graphene quantum dot layer . 
[ 0033 ] In some example embodiments , an image sensor 
may include the optical sensor and a signal processing layer 
configured to process an optical signal detected by the 
optical sensor into an electric signal . 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0034 ] These and / or other aspects will become apparent 
and more readily appreciated from the following description 
of some example embodiments , taken in conjunction with 
the accompanying drawings in which : 
[ 0035 ] FIG . 1 is a schematic cross - sectional view of a 
structure of an optical sensor according to some example 
embodiments ; 
[ 0036 ] FIG . 2 is a graph showing an example change in 
absorption characteristics of an optical sensing layer includ 
ing graphene quantum dots according to process tempera 
tures and thicknesses of the optical sensing layer ; 
10037 ] FIG . 3 is a schematic cross - sectional view of a 
structure of an optical sensor according to some example 
embodiments ; 
[ 0038 ] FIG . 4 is a graph providing an example of the 
absorption characteristics of an optical sensing layer of the 
optical sensor shown in FIG . 3 ; 
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[ 0039 ] FIG . 5 is a schematic cross - sectional view of a 
structure of an optical sensor according to some example 
embodiments ; 
[ 0040 ] FIGS . 6A and 6B are example energy band dia 
grams of the optical sensor shown in FIG . 5 ; 
[ 0041 ] FIG . 7 is a schematic cross - sectional view of a 
structure of an optical sensor according to some example 
embodiments ; 
[ 0042 ] FIG . 8 is a schematic cross - sectional view of a 
structure of an optical sensor according to some example 
embodiments ; 
100431 FIG . 9A is a schematic cross - sectional view of a 
structure of one pixel of an image sensor according to some 
example embodiments ; 
[ 0044 ] FIGS . 9B and 9C are plan view diagrams showing 
example arrangements of sub - pixels in the one pixel of the 
image sensor shown in FIG . 9A ; 
( 0045 ) FIG . 10 is a schematic cross - sectional view of a 
structure of one pixel of an image sensor according to some 
example embodiments ; and 
[ 0046 ] FIG . 11 is a schematic cross - sectional view of a 
structure of one pixel of an image sensor according to some 
example embodiments . 

DETAILED DESCRIPTION 
[ 0047 ] Reference will now be made in detail to embodi 
ments , examples of which are illustrated in the accompany 
ing drawings , wherein like reference numerals refer to like 
elements throughout . In this regard , example embodiments 
may have different forms and should not be construed as 
being limited to the descriptions set forth herein . Therefore , 
the embodiments are merely described below , by referring to 
the figures , to explain aspects . Expressions such as “ at least 
one of , ” when preceding a list of elements , modify the entire 
list of elements and do not modify the individual elements 
of the list . Furthermore , in the layer structures described 
below , the expressions " above ” or “ on ” may indicate not 
only that an element is contacting immediately above 
another element , but also that an element is above another 
element without any contact therebetween . 
[ 0048 ] FIG . 1 is a schematic cross - sectional view of the 
structure of an optical sensor according to some example 
embodiments . Referring to FIG . 1 , an optical sensor 10 
according to some example embodiments may include a first 
electrode 11 , an optical sensing layer 12 disposed on the first 
electrode 11 , and a second electrode 14 disposed on the 
optical sensing layer 12 . The first electrode 11 and the 
second electrode 14 may include any conductive material 
including a metal , graphene , a transparent conductive oxide , 
or a transparent conductive nitride . For example , the second 
electrode 14 disposed in a direction in which light is incident 
may include a transparent conductive material . In other 
words , the second electrode 14 may be a transparent elec 
trode having transparency with respect to light of a wave 
length band to be detected . 
[ 0049 ] The optical sensing layer 12 may include a plural 
ity of graphene quantum dots 15 as a material for absorbing 
light to generate a photocurrent . FIG . 1 is an enlarged view 
of the structure of one graphene quantum dot 15 in the 
optical sensing layer 12 . The graphene quantum dot 15 is a 
graphene having a small size from about 2 nm to 20 nm and 
may have the same characteristics as a general quantum dot . 
For example , unlike common graphene which does not have 
any band gap , the graphene quantum dot 15 may have a 

bandgap due to the quantum confinement effect and may 
control the bandgap according to its size . Therefore , a dark 
current generated while light is not incident may be sup 
pressed , thereby reducing noise in the optical sensor 10 . 
Since the graphene quantum dot 15 has a 2 - dimensional 
( 2D ) structure , it may be relatively easy to control the size 
and density per unit area of the graphene quantum dots 15 
as compared with general quantum dots having a 3 - dimen 
sional ( 3D ) structure . Therefore , an absorption wavelength 
band and sensitivity of the optical sensing layer 12 may be 
easily controlled . 
[ 0050 ] Furthermore , the absorption characteristics of the 
optical sensing layer 12 may be controlled according to a 
process temperature of the optical sensing layer 12 . The 
optical sensing layer 12 may be formed by applying a paste 
including the graphene quantum dots 15 onto the first 
electrode 11 and then drying the paste by removing a solvent 
therefrom through a heat treatment . During the forming of 
the optical sensing layer 12 , the absorption characteristics of 
the optical sensing layer 12 may be adjusted according to a 
heating temperature and a heating time . For example , FIG . 
2 is a graph showing an example change in the absorption 
characteristics of the optical sensing layer 12 according to 
process temperatures and thicknesses of the optical sensing 
layer 12 including the graphene quantum dots 15 . Referring 
to FIG . 2 , when the thickness of the optical sensing layer 12 
is 100 nm and the optical sensing layer 12 is formed at the 
temperature of 300° C . , the absorption rate of the optical 
sensing layer 12 in the infrared ray band is significantly 
increased . For example , the variation of the absorption rate 
according to wavelengths is small in the infrared band . For 
example , the optical sensing layer 12 , which had a thickness 
of 100 nm and was formed at a temperature of 300° C . , 
exhibited an absorption coefficient of about 9354 . 2 / cm with 
respect to incident light having a wavelength of 850 nm and 
exhibited an absorption coefficient of about 8523 . 1 / cm with 
respect to incident light having a wavelength of 2000 nm . 
The thickness of the optical sensing layer 12 may be selected 
within the range from 50 nm to 100 um to sufficiently 
improve the efficiency for detecting incident light . 
[ 0051 ] Furthermore , according to the present embodiment , 
the optical sensing layer 12 may include a graphene quan 
tum dot 15 to which a functional group 16 is bonded . The 
functional group 16 may be bonded to one or more carbon 
atoms disposed at the outermost portions of the graphene 
quantum dot 15 . By bonding the functional group 16 to the 
outermost portions of the graphene quantum dots 15 , the 
graphene quantum dots 15 may be limited and / or prevented 
from direct electrical contact to one another . As a result , the 
dark current may be further suppressed . Furthermore , since 
the bandgap of the graphene quantum dot 15 varies depend 
ing on the type of the functional group 16 bonded to the 
graphene quantum dot 15 , the absorption wavelength band 
of the optical sensing layer 12 may be effectively controlled . 
For example , the functional group 16 that may be bonded to 
the graphene quantum dot 15 may include at least one of 
NO , – NH2 , CH4 , JOH , COOH , LO , CHO , 
COCHU ( CO ) , JF , JH , CO _ N ( CH3 ) , 
CH2OH , — CO - NH2 , - N ( CH3 ) 2 , alkylamine , ani 

line , and polyethylene glycol ( PEG ) . The bandgap of the 
graphene quantum dot 15 to which the functional group 16 
is bonded may vary depending on the types of the functional 
group 16 . For example , when the functional group 16 
bonded to the graphene quantum dot 15 is one of - NH2 , 
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- OH , COOH , CHO , and — COCHz , the bandgap of 
the graphene quantum dot 15 may be in the order of 
- NH2 > OH > CHO > COCH3 > COOH . The band 
gap and the absorption wavelength band are inversely pro - 
portional to each other . Therefore , according to a desired 
absorption wavelength band , the functional group 16 that 
provides a corresponding band gap may be bonded to the 
graphene quantum dot 15 . Furthermore , the plurality of 
same functional groups 16 may be bonded to the one 
graphene quantum dot 15 , but the two or more different 
functional groups 16 may also be bonded to the one gra 
phene quantum dot 15 . 
[ 0052 ] FIG . 3 is a schematic cross - sectional view of the 
structure of an optical sensor 20 according to some example 
embodiments . Referring to FIG . 3 , an optical sensing layer 
22 may include at least two types of graphene quantum dots 
15a , 15b , and 15c that absorb light of different wavelength 
bands , respectively . For example , the optical sensing layer 
22 may include a plurality of first graphene quantum dots 
15a bonded to a first functional group A , a plurality of 
second graphene quantum dots 15b bonded to a second 
functional group B , and a plurality of third graphene quan 
tum dots 15c bonded to a third functional group C . The first 
functional group A is bonded to one or more carbon atoms 
disposed at the outermost portion of the each first graphene 
quantum dot 15a , the second functional group B is bonded 
to one or more carbon atoms disposed at the outermost 
portion of the each second graphene quantum dot 15b , and 
the third functional group C is bonded to one or more carbon 
atoms disposed at the outermost portion of the each third 
graphene quantum dot 15c . Although FIG . 3 shows the three 
types of graphene quantum dots 15a , 15b and 15c for 
convenience of explanation , the optical sensing layer 22 
may also include only two types of graphene quantum dots 
or four or more types of graphene quantum dots . 
[ 0053 ] The first graphene quantum dot 15a , the second 
graphene quantum dot 15b , and the third graphene quantum 
dot 150 may have different sizes . For example , the first 
graphene quantum dot 15a may have the first functional 
group A and a first size to absorb light of a first wavelength 
band , the second graphene quantum dot 15b may have the 
second functional group B different from the first functional 
group A and a second size different from the first size to 
absorb light of a second wavelength band different from the 
first wavelength band , and the third graphene quantum dot 
15c may have the third functional group C different from the 
first and second functional group A and B and a third size 
different from the first and second sizes to absorb light of a 
third wavelength band different from the first and second 
wavelength bands . Here , each of the first through third 
functional groups A , B , and C may be selected from among 
NO , NHU , CHI , OH , COOH , O , CHO , 

_ COCH3 , ( C O ) , JF , H , CO - N ( CH3 ) 2 , 
- CH2 OH , CONH2 , — N ( CH3 ) 2 , alkylamine , ani 

line , and polyethylene glycol ( PEG ) as described above . 
[ 0054 ] FIG . 4 is a graph providing an example of the 
absorption characteristics of the optical sensing layer 22 of 
the optical sensor 20 shown in FIG . 3 . For example , the 
optical sensing layer 22 may include the plurality of first 
graphene quantum dots 15a configured to absorb light in a 
blue wavelength band B , the plurality of second graphene 
quantum dots 15b configured to absorb light in a green 
wavelength band G , and the plurality of third graphene 
quantum dot 150 configured to absorb light in a red wave 

length band R . Based on combinations of various types of 
the graphene quantum dots 15a , 15b , and 15c having dif 
ferent absorption characteristics , the optical sensing layer 22 
may have a constant absorption rate with respect to the 
visible ray band . Furthermore , when the optical sensing 
layer 22 further includes a plurality of graphene quantum 
dots configured to absorb light in the infrared ray band , the 
optical sensing layer 22 may exhibit a relatively uniform 
absorption rate over a wide spectrum range including the 
visible ray band and the infrared ray band . 
[ 0055 ] FIG . 5 is a schematic cross - sectional view of a 
structure of an optical sensor according to some example 
embodiments . Referring to FIG . 5 , an optical sensor 30 may 
include the first electrode 11 , an optical sensing layer 32 
disposed on the first electrode 11 , and the second electrode 
14 disposed on the optical sensing layer 32 . Furthermore , the 
optical sensing layer 32 may also include a semiconductor 
layer 33 disposed on the first electrode 11 and a graphene 
quantum dot layer 34 disposed on the semiconductor layer 
33 . Here , the graphene quantum dot layer 34 may include a 
plurality of graphene quantum dots like the optical sensing 
layer 12 shown in FIG . 1 or the optical sensing layer 22 
shown in FIG . 3 . As described above with reference to FIGS . 
1 and 3 , the graphene quantum dot layer 34 may include at 
least one kind of graphene quantum dots each bonded to at 
least one functional group . In other words , the descriptions 
of the optical sensing layers 12 and 22 shown in FIGS . 1 and 
3 may be applied to the graphene quantum dot layer 34 as 
they are . In this regard , it may be considered that each of the 
optical sensing layers 12 and 22 shown in FIGS . 1 and 3 
include one graphene quantum dot layer . 
[ 0056 ] The semiconductor layer 33 forms a Schottky 
barrier at the interface between the semiconductor layer 33 
and the first electrode 11 . Due to the Schottky barrier , 
electrons may be limited and / or prevented from easily 
moving from the first electrode 11 to the graphene quantum 
dot layer 34 through the semiconductor layer 33 while light 
is not incident . Therefore , the semiconductor layer 33 may 
further suppress the dark current . 
[ 0057 ] For example , FIGS . 6A and 6B show example 
energy band diagrams of the optical sensor 30 shown in FIG . 
5 . FIG . 6A is an energy band diagram while voltages are 
applied to the first and second electrodes 11 and 14 and light 
is not incident to the optical sensor 30 . FIG . 6B is an energy 
band diagram while voltages are applied to the first and 
second electrodes 11 and 14 and light is incident to the 
optical sensor 30 . In FIGS . 6A and 6B , it is assumed that the 
first and second electrodes 11 and 14 include graphene . First , 
referring to FIG . 6A , electrons may hardly move from the 
first electrode 11 to the semiconductor layer 33 , because an 
energy difference ( DB between the work function of the first 
electrode 11 and the conduction band of the semiconductor 
layer 33 is large . Therefore , the dark current may be sup 
pressed in a state in which no light is incident to the optical 
sensor 30 . On the contrary , as shown in FIG . 6B , when light 
is incident to the optical sensor 30 , electrons e and holes h 
are generated in the graphene quantum dot layer 34 , and thus 
a photocurrent flows . For example the electrons e generated 
in the graphene quantum dot layer 34 may move to the 
second electrode 14 along an electric field applied between 
the first electrode 11 and the second electrode 14 . Further 
more , the holes h generated in the graphene quantum dot 
layer 34 may move to the first electrode 11 through the 
semiconductor layer 33 . When a material having sufficient 
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small energy difference between a lowest unoccupied 
molecular orbital ( LUMO ) energy level of the graphene 
quantum dot layer 34 and a valence band of the semicon 
ductor layer 33 is selected as the semiconductor layer 33 , the 
holes h generated in the quantum dot layer 34 may easily 
move to the semiconductor layer 33 . For example , the 
energy difference between the LUMO energy level of the 
graphene quantum dot layer 34 and the valence band of the 
semiconductor layer 33 may be smaller than the energy 
difference between a work function of the first electrode 11 
and a conduction band of the semiconductor layer 33 . For 
example , the energy difference between the LUMO energy 
level of the graphene quantum dot layer 34 and the valence 
band of the semiconductor layer 33 may be half the differ 
ence between the work function of the first electrode 11 and 
the conduction band of the semiconductor layer 33 or 
smaller . 
[ 0058 ] The material constituting the semiconductor layer 
33 may be any semiconductor material capable of satisfying 
the above - described relationships between the semiconduc 
tor layer 33 and the first electrode 11 and between the 
semiconductor layer 33 and the graphene quantum dot layer 
34 . For example , other than common semiconductor mate 
rials including silicon ( Si ) and germanium ( Ge ) , compound 
semiconductor materials , organic semiconductor materials , 
or 2D semiconductor materials having band gaps and 2D 
crystal structures may be used as the material constituting 
the semiconductor layer 33 . For example , since the graphene 
quantum dot layer 34 includes graphene quantum dots 
having a 2D structure , the plurality of graphene quantum 
dots of the graphene quantum dot layer 34 may be easily 
aligned by using a second semiconductor material for con 
stituting the semiconductor layer 33 . The example of second 
semiconductor materials is a transition metal dichalcogenide 
( TMD ) , which is a compound of a transition metal and a 
chalcogen element . For example , the transition metal may 
include at least one of tin ( Sn ) , niobium ( Nb ) , tantalum ( Ta ) , 
molybdenum ( Mo ) , tungsten ( W ) , hafnium ( Hf ) , titanium 
( Ti ) , and rhenium ( Re ) , whereas the chalcogen element may 
include at least one of sulfur ( S ) , selenium ( Se ) , and tellu 
rium ( Te ) . For example , the TMD may include MoS2 , WS2 , 
TaS2 , HfS2 , ReS2 , TiS2 , NbS2 , SnS2 , MoSez , WSez , TaSez , 
HfSez , ReSe2 , TiSez , NbSe2 , SnSe2 , MoTe2 , WTe2 , TaTez , 
HfTez , ReTez , TiTez , NbTez , SnTez . There are various 2D 
semiconductor materials other than the TMD . For example , 
the 2D semiconductor materials may include h - BN ( hexago 
nal BN ) , phosphorene , TiOx ( 1sx52 ) , NbOx ( 1sxs2 ) , 
MnOx ( 1sx52 ) , VaOx ( 1sx52 ) , MnO3 , TaO3 , WO3 , MoCl2 , 
CrClz , RuCl2 , Bilz , PbCl2 , GeS , GAS , GeSe , GaSe , PtSe , 
In Sez , Gate , InS , InSe , and InTe . h - BN is a hexagonal 
crystal structure based on a combination of boron ( B ) and 
nitrogen ( N ) . Phosphorine is a 2D allotrope of black phos 
phorus . 
[ 0059 ] Furthermore , the semiconductor layer 33 may also 
absorb light in addition to suppression of the dark current . 
Although FIG . 5 shows that the semiconductor layer 33 is 
disposed directly above the first electrode 11 and the gra 
phene quantum dot layer 34 is disposed directly below the 
transparent second electrode 14 , the positions of the semi 
conductor layer 33 and the quantum dot layer 34 may be 
interchanged . In other words , the graphene quantum dot 
layer 34 may be disposed on the first electrode 11 , the 
semiconductor layer 33 may be disposed on the graphene 
quantum dot layer 34 , and the transparent second electrode 

14 may be disposed on the semiconductor layer 33 . In this 
case , a Schottky barrier is formed at the interface between 
the semiconductor layer 33 and the second electrode 14 . 
[ 0060 ] Furthermore , when the semiconductor layer 33 is 
disposed over the graphene quantum dot layer 34 , the 
semiconductor layer 33 may absorb light of a certain wave 
length band from the incident light and transmit light of 
another wavelength band , such that the transmitted light 
reaches the graphene quantum dot layer 34 . For example , the 
semiconductor layer 33 may include a semiconductor mate 
rial to absorb light of the visible ray band and transmit light 
of the infrared ray band . In this case , the graphene quantum 
dot layer 34 may be configured to absorb light of the infrared 
ray band . Alternatively , the graphene quantum dot layer 34 
may be configured to absorb light of both the visible ray 
band and the infrared ray band in order to sense light of the 
visible ray band that is not completely absorbed by the 
semiconductor layer 33 . 
[ 0061 ] FIG . 7 is a schematic cross - sectional view of the 
structure of an optical sensor according to some example 
embodiments . Referring to FIG . 7 , an optical sensor 30 ' 
includes the first electrode 11 , an optical sensing layer 32 ' 
disposed on the first electrode 11 , and the second electrode 
14 disposed on the optical sensing layer 32 ' . Furthermore , 
the optical sensing layer 32 ' may also include the semicon 
ductor layer 33 disposed on the first electrode 11 and the 
graphene quantum dot layer 34 disposed on the semicon 
ductor layer 33 . The semiconductor layer 33 may include a 
first semiconductor layer 33a disposed on the first electrode 
11 and a second semiconductor layer 33b disposed on the 
first semiconductor layer 33a . Here , the first semiconductor 
layer 33a is doped to a first conductivity type and the second 
semiconductor layer 33b is doped to a second conductivity 
type that is electrically opposite the first conductivity type . 
For example , when the first electrode 11 is a cathode and the 
second electrode 14 is an anode , the first semiconductor 
layer 33a may be doped to be n - type and the second 
semiconductor layer 33b may be doped to be p - type . On the 
contrary , when the first electrode 11 is an anode and the 
second electrode 14 is a cathode , the first semiconductor 
layer 33a may be doped to be p - type and the second 
semiconductor layer 33b may be doped to be n - type . There 
fore , according to the present embodiment , the semiconduc 
tor layer 33 has a PN junction structure . A built - in potential 
barrier may be additionally formed in the semiconductor 
layer 33 , because the semiconductor layer 33 has a PN 
junction structure . Therefore , the dark current may be fur 
ther suppressed . 
[ 0062 ] FIG . 8 is a schematic cross - sectional view of a 
structure of an optical sensor according to some example 
embodiments . Referring to FIG . 8 , an optical sensor 40 may 
include the first electrode 11 , an optical sensing layer 42 
disposed on the first electrode 11 , and the second electrode 
14 disposed on the optical sensing layer 42 . The optical 
sensing layer 42 may include a plurality of semiconductor 
layers 43 and 43 ' and a plurality of graphene quantum dot 
layers 44 , which are disposed alternately between the first 
electrode 11 and the second electrode 14 . 
10063 ] . Here , the first semiconductor layer 43 disposed 
directly above the first electrode 11 may include a semicon 
ductor material as described with reference to FIG . 5 . In 
other words , a material constituting the first semiconductor 
layer 43 may be selected , such that the energy difference 
between the LUMO energy level of the graphene quantum 
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dot layer 44 and the valence band of the first semiconductor 
layer 43 is small and the energy difference between the work 
function of the first electrode 11 and the conduction band of 
the first semiconductor layer 43 is large . For example , the 
energy difference between the work function of the first 
electrode 11 and the conduction band of the first semicon - 
ductor layer 43 may be greater than the energy difference 
between the LUMO energy level of the graphene quantum 
dot layer 44 and the energy of the valence band of the first 
semiconductor layer 43 . On the other hand , for easy move 
ments of electrons and holes , a material constituting the 
second semiconductor layer 43 ' disposed between the two 
graphene quantum dot layers 44 adjacent to each other is 
selected , such that the energy difference between a highest 
occupied molecular orbital ( HOMO ) energy level of the 
graphene quantum dot layer 44 and the conduction band of 
the second semiconductor layer 43 ' is small . For example , 
the energy difference between the HOMO energy level of 
the graphene quantum dot layer 44 and the conduction band 
of the second semiconductor layer 43 ' may be smaller than 
the energy difference between the work function of the first 
electrode 11 and the conduction band of the first semicon 
ductor layer 43 . Furthermore , thickness of each of the 
second semiconductor layers 43 ' may be selected , such that 
tunneling occurs in each of the second semiconductor layer 
43 ' . 
[ 0064 ] The graphene quantum dot layer 44 may be iden 
tical to the optical sensing layers 12 and 22 as described 
above with reference to FIGS . 1 and 3 . The plurality of 
semiconductor layers 43 and 43 ' and the plurality of gra 
phene quantum dot layers 44 may constitute a multi - quan 
tum well ( MOW ) structure . For example , the plurality of 
semiconductor layers 43 and 43 ' may serve as barrier layers 
and the plurality of graphene quantum dot layers 44 may 
serve as a quantum well layer . 
[ 0065 ] The above - described optical sensors 10 , 20 , 30 , 
30 ' , and 40 may be fabricated as individual optical sensing 
electronic elements , such as photodiodes , and mounted in 
electronic devices . Furthermore , an image sensor for pho 
tographing a 2D image by using the above - described optical 
sensors 10 , 20 , 30 , 30 , and 40 may be manufactured . 
[ 0066 ] For example , FIG . 9A is a schematic cross - sec 
tional view of the structure of one pixel of an image sensor 
according to some example embodiments . Referring to FIG . 
9A , one pixel of the image sensor 100 may include a signal 
processing layer 110 , the first electrode 11 , an optical 
sensing layer 130 , the second electrode 14 , and a transparent 
protection layer 120 . The signal processing layer 110 may be 
coupled to the optical sensing layer 130 . 
[ 0067 ] The optical sensing layer 130 may include a plu 
rality of optical sensing layers 12a , 126 , 12c , and 12d 
disposed side - by - side on a same layer . For example , the 
optical sensing layers 12a , 126 , 12c , and 12d may have the 
same structure as the optical sensing layer 12 shown in FIG . 
1 . In other words , a first optical sensing layer 12a may 
include a first graphene quantum dot layer having the 
plurality of first graphene quantum dots 15a bonded to the 
first functional group A , a second optical sensing layer 12b 
may include a second graphene quantum dot layer having 
the plurality of second graphene quantum dots 15b bonded 
to the second functional group B , a third optical sensing 
layer 12c may include a third graphene quantum dot layer 
having the plurality of third graphene quantum dots 15c 
bonded to the third functional group C , and a fourth optical 

sensing layer 12d may include a fourth graphene quantum 
dot layer having a plurality of fourth graphene quantum dots 
15d bonded to a fourth functional group D . Although FIG . 
9A shows that each of the first through fourth optical sensing 
layers 12a , 126 , 12c and 12d include only one of the first 
through fourth graphene quantum dot 15a , 156 , 15c and 15d , 
each of the first through fourth optical sensing layers 12a , 
12b , 12c and 12d may also include two or more types of 
graphene quantum dots . 
[ 0068 ] The first functional group A of the first graphene 
quantum dot 15a may be selected to absorb light of a first 
wavelength band , the second functional group B of the 
second graphene quantum dot 15b may be selected to absorb 
light of a second wavelength band , the third functional group 
C of the third graphene quantum dot 150 may be selected to 
absorb light of a third wavelength band , and the fourth 
functional group D of the fourth graphene quantum dot 15d 
may be selected to absorb light of a fourth wavelength band . 
Furthermore , the sizes of first through fourth graphene 
quantum dots 15a , 156 , 15c , and 15d may be selected to be 
different from one another in correspondence to the respec 
tive absorption wavelength bands thereof . In such a struc 
ture , the first optical sensing layer 12a detects light of the 
first wavelength band , the second optical sensing layer 12b 
detects light of the second wavelength band , the third optical 
sensing layer 12c detects light of the third wavelength band , 
and the fourth optical sensing layer 12d detects light of the 
fourth wavelength band . For example , the first optical sens 
ing layer 12a may be configured to detect blue light , the 
second optical sensing layer 12b may be configured to detect 
green light , the third optical sensing layer 12c may be 
configured to detect red light , and the fourth optical sensing 
layer 12d may be configured to detect an infrared ray . For 
example , the fourth optical sensing layer 12d is capable of 
detecting light of the near - infrared ray wavelength band 
within the range from about 800 nm to about 900 nm , for 
example . To this end , the fourth graphene quantum dot 15d 
may be configured to have a bandgap of about 1 . 38 eV or 
less . 
[ 0069 ] The first electrode 11 may be a pixel electrode , and 
the plurality of first electrodes 11 respectively connected to 
the first through fourth optical sensing layers 12a , 126 , 12c , 
and 12d may be disposed . The second electrode 14 is a 
common electrode , and the one second electrode 14 may be 
connected to the first through fourth optical sensing layer 
12a , 126 , 12c , and 12d in common . Furthermore , the second 
electrode 14 may be a transparent electrode that is transpar 
ent to visible rays and an infrared ray . The transparent 
protective layer 120 having an insulating property may be 
disposed on the second electrode 14 . Furthermore , the signal 
processing layer 110 processes an optical signal detected by 
the optical sensing layer 130 into an electrical signal . To this 
end , the signal processing layer 110 is connected to the 
plurality of first electrodes 11 . The signal processing layer 
110 may include , for example , an integrated circuit . 
[ 0070 ] In the images sensor 100 shown in FIG . 9A , areas 
respectively corresponding to the first through fourth optical 
sensing layer 12a , 125 , 12c and 12d may be sub - pixels 100a , 
100b , 1000 and 100d , and one group including the sub 
pixels 100a , 100b , 100c , and 100d may be a pixel . For 
example , the first sub - pixel 100a may be a region for sensing 
light of a first wavelength band in one pixel , the second 
sub - pixel 100b may be a region for sensing light of a second 
wavelength band in one pixel , the third sub - pixel 100c may 
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sensing layer 22c may detect light transmitted through the 
third color filter 143 , and the fourth optical sensing layer 22d 
may detect light transmitted through the fourth color filter 
144 . 

be a region for sensing light of a third wavelength band in 
one pixel , and the fourth sub - pixel 100d may be a region for 
sensing light of a fourth wavelength band in one pixel . FIGS . 
9B and 9C are plan view diagram showing example arrange 
ments of the sub - pixels 100a , 100b , 100c , and 100d in one 
pixel of the image sensor 100 shown in FIG . 9A . As shown 
in FIG . 9B , the sub - pixels 100a , 100b , 100c , and 100d may 
be disposed in a row . Alternatively , as shown in FIG . 9C , the 
sub - pixels 100a , 100 , 100c , and 100d may be 2 - dimen 
sionally disposed in the shape of a 2x2 matrix . Since the 
image sensor 100 exhibits high detection efficiency with 
respect to light of the infrared ray band , the sub - pixels 100a , 
1000 , 100c , and 100d may be configured to have a same size 
as shown in FIGS . 9B and 9C . 
[ 0071 ] FIG . 10 is a schematic cross - sectional view of the 
structure of one pixel of an image sensor 200 according to 
some example embodiments . Referring to FIG . 10 , the 
optical sensing layer 130 may include a plurality of optical 
sensing layers 22a , 226 , 22c , and 22d disposed side - by - side 
on a same layer . For example , the optical sensing layers 22a , 
22b , 22c , and 22d may have the same structure as the optical 
sensing layer 22 shown in FIG . 3 . In other words , each of the 
optical sensing layers 22a , 226 , 220 , 22d may include at 
least the plurality of first through fourth graphene quantum 
dots 15a , 156 , 15c , 15d that respectively absorb light of first 
through fourth wavelength bands different from one another . 
For example , each of the optical sensing layers 22a , 225 , 220 
and 22d may include the plurality of first graphene quantum 
dots 15a bonded to the first functional group A , the plurality 
of second graphene quantum dots 15b bonded to the second 
functional group B , the plurality of third graphene quantum 
dots 15c bonded to the third functional group C , and the 
plurality of fourth graphene quantum dots 15d bonded to the 
fourth functional group D . Therefore , the optical sensing 
layers 22a , 226 , 22c , and 22d in the optical sensing layer 130 
are identical to one another and may be sensitive to all of the 
blue light band , the green light band , the red light band , and 
the infrared ray band . 
10072 ] The image sensor 200 may further include a color 
filter layer 140 disposed between the second electrode 14 
and the transparent protection layer 120 . For example , the 
color filter layer 140 may include a first color filter 141 that 
transmits only light of the first wavelength band , a second 
color filter 142 that transmits only light of the second 
wavelength band , a third color filter 143 that transmits only 
light of the third wavelength band , and a fourth color filter 
144 that transmits only light of the fourth wavelength band . 
For example , the first color filter 141 may transmit light of 
the red wavelength band , the second color filter 142 may 
transmit light of the green wavelength band , the third color 
filter 143 may transmit light of the blue wavelength band , 
and the fourth color filter 144 may transmit light of the near 
infrared ray wavelength band . Alternatively , the first color 
filter 141 may transmit cyan light , the second color filter 142 
may transmit magenta light , the third color filter 143 may 
transmit yellow light , and the fourth color filter 144 may 
transmit a near infrared ray . 
[ 0073 ] The first through fourth optical sensing layers 22a , 
226 , 22c , and 22d may be disposed in correspondence to the 
first through fourth color filters 141 , 142 , 143 , and 144 , 
respectively . For example , the first optical sensing layer 22a 
may detect light transmitted through the first color filter 141 , 
the second optical sensing layer 22b may detect light trans - 
mitted through the second color filter 142 , the third optical 

10074 ] The optical sensing layer 130 of the image sensor 
100 shown in FIG . 9A may include the optical sensing layer 
32 shown in FIG . 5 , the optical sensing layer 32 ' shown in 
FIG . 7 , or the optical sensing layer 40 shown in FIG . 8 , 
instead of the optical sensing layer 12 shown in FIG . 1 . 
Similarly , the optical sensing layer 130 of the image sensor 
200 shown in FIG . 10 may include the optical sensing layer 
32 shown in FIG . 5 , the optical sensing layer 32 ' shown in 
FIG . 7 , or the optical sensing layer 40 shown in FIG . 8 , 
instead of the optical sensing layer 22 shown in FIG . 3 . 
[ 0075 ] FIG . 11 is a schematic cross - sectional view of the 
structure of one pixel of an image sensor according to some 
example embodiments . Referring to FIG . 11 , the optical 
sensing layer 130 of an image sensor 300 may include first 
through third optical sensing layers 131 , 132 , and 133 for 
sensing light of the visible ray band and a fourth optical 
sensing layer 134 for sensing light of the infrared ray band . 
For example , the first through third optical sensing layers 
131 , 132 , and 133 may include a typical semiconductor 
material , such as silicon , a compound semiconductor mate 
rial , an organic semiconductor material , or a 2D semicon 
ductor material having a bandgap and having a 2D crystal 
structure . The fourth optical sensing layer 134 may have the 
same structure as the optical sensing layer 32 shown in FIG . 
5 , for example . In other words , the fourth optical sensing 
layer 134 may include the semiconductor layer 33 disposed 
on the first electrode 11 and the graphene quantum dot layer 
34 disposed on the semiconductor layer 33 . The graphene 
quantum dots in the graphene quantum dot layer 34 may be 
configured to be sensitive to an infrared ray by being bonded 
to the fourth functional group D . For example , the graphene 
quantum dots bonded to the fourth functional group D may 
have a band gap below or equal to 1 . 38 eV . 
[ 0076 ] The semiconductor layer 33 of the fourth optical 
sensing layer 134 may include a semiconductor material 
identical to the semiconductor material constituting the first 
through third optical sensing layers 131 , 132 , and 133 . In 
this case , after the semiconductor material is deposited 
throughout the first through fourth optical sensing layer 131 , 
132 , 133 , and 134 , the semiconductor material deposited on 
the fourth optical sensing layer 134 may be etched to a 
certain depth , and the graphene quantum dot layer 34 may 
be formed on the semiconductor material that remains after 
the fourth optical sensing layer 134 is etched . 
[ 0077 ] Alternatively , only the first through third optical 
sensing layers 131 , 132 and 133 may include a semicon 
ductor material , and the fourth optical sensing layer 134 may 
be formed to have the same structure as the optical sensing 
layer 12 shown in FIG . 1 , the optical sensing layer 22 shown 
in FIG . 3 , the optical sensing layer 32 ' shown in FIG . 7 , or 
the optical sensing layer 42 shown in FIG . 8 . In this case , 
after the semiconductor material is deposited throughout the 
first through fourth optical sensing layer 131 , 132 , 133 , and 
134 , the semiconductor material deposited on the fourth 
optical sensing layer 134 may be completely etched away , 
and the optical sensing layer 22 shown in FIG . 3 , the optical 
sensing layer 32 ' shown in FIG . 7 , or the optical sensing 
layer 42 shown in FIG . 8 may be formed on the optical 
sensing layer 134 . 
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[ 0078 ] The above - described image sensors 100 , 200 , and 
300 may exhibit high detection efficiencies with respect to 
light of the visible ray band and the infrared band by using 
graphene quantum dots combined with functional groups . 
For example , the light detection efficiency for light of the 
infrared ray band may be improved as compared to a case of 
using a silicon semiconductor . Furthermore , a dark current 
generated while light is not incident may be effectively 
suppressed . Therefore , the degree of freedom for arrange 
ment and size selection of sub - pixels may be improved , and 
the range of products to which the image sensor 100 , 200 , 
300 are applied may be widened . For example , the image 
sensors 100 , 200 , and 300 may naturally obtain clear images 
in a an environment with high luminance and may also 
obtain high quality images by using near infrared rays 
together with visible rays even in a low - light environment 
with low luminance . 

[ 0079 ] Furthermore , the image sensors 100 , 200 , and 300 
may be applied to a case of sensing an iris image of a person . 
Since it is difficult to distinguish an iris from a sclera in a 
long wavelength band ( far infrared ray band ) , it is difficult 
to recognize an iris by using a photodetector for a long 
wavelength band . On the contrary , in a short wavelength 
band ( visible ray band ) , light is reflected by an area around 
an iris , and thus an iris pattern recognition error may occur . 
For example , in case of a dark brown or brown - based pupil , 
an iris may be recognized by using a near - infrared ray , but 
it may be difficult to recognize the iris by using a visible ray . 
On the other hand , in case of a blue or green pupil , an iris 
may be recognized by using a near - infrared ray and may also 
be recognized by using a visible ray . Therefore , an iris may 
be recognized by using a near infrared ray that may be 
applied to most of pupils . Therefore , in some example 
embodiments , the image sensor 100 , 200 , 300 exhibit high 
detection efficiencies with respect to light of the near 
infrared band may be appropriate for imaging an iris . 
[ 0080 ] Furthermore , due to the sensitivity ( reactivity ) and 
the quantum efficiency of the image sensor 100 , 200 , 300 
with respect to infrared rays are high , the size of the optical 
sensing layer 130 may be reduced . Therefore , the image 
sensor 100 , 200 , 300 may be employed in a slim and 
compact electronic device , such as a smart phone . When the 
image sensors 100 , 200 , and 300 are employed in a smart 
phone , iris recognition rate may be increased and iris rec 
ognition accuracy may be improved . Therefore , the image 
sensors 100 , 200 , and / or 300 may be used for authenticating 
a user through iris authentication . Example embodiments are 
not limited thereto . The image sensors 100 , 200 , and / or 300 
may be used in a low - light sensitivity enhancing device , a 
night vision sensor , a solar cell , and / or an autonomous 
navigation sensor . 
[ 0081 ] It should be understood that example embodiments 
described herein should be considered in a descriptive sense 
only and not for purposes of limitation . Descriptions of 
features or aspects within each embodiment should typically 
be considered as available for other similar features or 
aspects in other embodiments . 
[ 0082 ] While one or more embodiments have been 
described with reference to the figures , it will be understood 
by those of ordinary skill in the art that various changes in 
form and details may be made therein without departing 
from the spirit and scope as defined by the following claims . 

What is claimed is : 
1 . An optical sensor comprising : 
a first electrode ; 
a graphene quantum dot layer , 

the graphene quantum dot layer including a plurality of 
first graphene quantum dots bonded to a first func 
tional group and a plurality of second graphene 
quantum dots bonded to a second functional group 
that is different from the first functional group ; and 

a second electrode on the graphene quantum dot layer . 
2 . The optical sensor of claim 1 , wherein the first func 

tional group is bonded to one or more carbon atoms at an 
outermost portion of the plurality of first graphene quantum 
dots , and 

the second functional group is bonded to one or more 
carbon atoms at an outermost portion of the plurality of 
second graphene quantum dots . 

3 . The optical sensor of claim 1 , wherein 
the plurality of first graphene quantum dots are configured 

to absorb light of a first wavelength band , and 
the plurality of second graphene quantum dots are con 

figured to absorb light of a second wavelength band 
that is different from the first wavelength band . 

4 . The optical sensor of claim 3 , wherein 
the graphene quantum dot layer further includes a plural 

ity of third graphene quantum dots bonded to a third 
functional group that is different from the first func 
tional group and the second functional group , and 

the third graphene quantum dots are configured to absorb 
light of a third wavelength band that is different from 
the first wavelength band and the second wavelength 
band . 

5 . The optical sensor of claim 1 , wherein each of the first 
functional group and the second functional group indepen 
dently include at least one of — NO2 , - NH2 , CH3 , OH , 
COOH , ZO , LCHO , COCH3 , ( C _ O ) , JF , 

_ H , CO N ( CH3 ) 2 , CH3OH , _ CO _ NHA , 
- N ( CH3 ) 2 , alkylamine , aniline , or polyethylene glycol 

( PEG ) . 
6 . The optical sensor of claim 1 , wherein 
the plurality of first graphene quantum dots have a first 

size , and 
the plurality of second graphene quantum dots have a 

second size that is different from the first size 
7 . The optical sensor of claim 1 , wherein a thickness of the 

graphene quantum dot layer ranges from about 50 nm to 
about 100 um . 

8 . The optical sensor of claim 1 , further comprising : 
a semiconductor layer between the first electrode and the 

graphene quantum dot layer . 
9 . The optical sensor of claim 8 , wherein the semicon 

ductor layer includes at least one of silicon , a compound 
semiconductor material , an organic semiconductor material , 
and a 2 - dimensional ( 2D ) semiconductor material having a 
band gap and a 2D crystal structure , and 

the semiconductor material forms a Schottky barrier 
between the semiconductor layer and the first electrode . 

10 . The optical sensor of claim 9 , wherein an energy 
difference between a lowest unoccupied molecular orbital 
( LUMO ) energy level of the graphene quantum dot layer and 
a valence band of the semiconductor layer is smaller than an 
energy difference between a work function of the first 
electrode and a conduction band of the semiconductor layer . 
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11 . The optical sensor of claim 9 , wherein the 2D semi 
conductor material includes a transition metal dichalco 
genide . 

12 . The optical sensor of claim 11 , wherein 
the transition metal dichalcogenide includes a transition 
metal and a chalcogen element , 

the transition metal includes at least one of tin ( Sn ) , 
niobium ( Nb ) , tantalum ( Ta ) , molybdenum ( Mo ) , tung 
sten ( W ) , hafnium ( Hf ) , titanium ( Ti ) , or rhenium ( Re ) , 
and 

the chalcogen element includes at least one of sulfur ( S ) , 
selenium ( Se ) , or tellurium ( Te ) . 

13 . The optical sensor of claim 8 , wherein 
the semiconductor layer includes a first semiconductor 

layer on the first electrode and a second semiconductor 
layer on the first semiconductor layer , 

the first semiconductor layer is doped to have a first 
conductivity type , and 

the second semiconductor layer is doped to have a second 
conductivity type that is electrically opposite the first 
conductivity type . 

14 . The optical sensor of claim 1 , wherein the second 
electrode is a transparent electrode . 

15 . The optical sensor of claim 1 , further comprising : 
an optical sensing layer on the first electrode , wherein 

the optical sensing layer includes the graphene quan 
tum dot layer . 

16 . An optical sensor comprising : 
a first electrode ; 
a semiconductor layer on the first electrode , a material of 

the semiconductor layer forming a Schottky barrier 
between the semiconductor layer and the first electrode ; 

a graphene quantum dot layer on the semiconductor layer , 
the graphene quantum dot layer including a plurality of 

first graphene quantum dots bonded to a first func 
tional group ; and 

a second electrode on the graphene quantum dot layer . 
17 . The optical sensor of claim 16 , wherein an energy 

difference between a lowest unoccupied molecular orbital 
( LUMO ) energy level of the graphene quantum dot layer and 
a valence band of the semiconductor layer is smaller than an 
energy difference between a work function of the first 
electrode and a conduction band of the semiconductor layer . 

18 . The optical sensor of claim 16 , wherein 
the graphene quantum dot layer further includes a plural 

ity of second graphene quantum dots bonded to a 
second functional group different from the first func 
tional group , 

the plurality of first graphene quantum dots are configured 
to absorb light of a first wavelength band , and 

the plurality of second graphene quantum dots are con 
figured to absorb light of a second wavelength band 
different from the first wavelength band . 

19 . The optical sensor of claim 18 , wherein 
the plurality of first graphene quantum dots have a first 

size , and 
the plurality of second graphene quantum dots have a 

second size that is different from the first size . 
20 . The optical sensor of claim 16 , wherein the semicon 

ductor layer includes at least one of silicon , a compound 
semiconductor material , an organic semiconductor material , 
and a 2D semiconductor material having a band gap and a 
2D crystal structure . 

21 . The optical sensor of claim 16 , wherein 
the semiconductor layer includes a first semiconductor 

layer on the first electrode and a second semiconductor 
layer on the first semiconductor layer , 

the first semiconductor layer is doped to a first conduc 
tivity type , and 

the second semiconductor layer is doped to a second 
conductivity type that is electrically opposite the first 
conductivity type . 

22 . The optical sensor of claim 16 , wherein the second 
electrode is a transparent electrode . 
23 . The optical sensor of claim 16 , further comprising : 
a plurality of semiconductor layers and a plurality of 

graphene quantum dot layers that are alternately dis 
posed between the first electrode and the second elec 
trode , wherein 

the first electrode and the second electrode face each 
other , 

the second electrode is on the first electrode , 
the plurality of the semiconductor layers include the 

semiconductor layer , 
the plurality of graphene quantum dot layers include the 

graphene quantum dot layer , 
each of the plurality of graphene quantum dot layers 

include the plurality of first graphene quantum dots 
bonded to the first functional group , 

the plurality of semiconductor layers including a first 
semiconductor layer on the first electrode and a second 
semiconductor layer between two adjacent graphene 
quantum dot layers among the plurality of graphene 
quantum dot layers , and 

the first semiconductor layer is the semiconductor layer 
such that a material of the first semiconductor layer 
forms a Schottky barrier between the plurality of semi 
conductor layers and the first electrode . 

24 . The optical sensor of claim 23 , wherein an energy 
difference between a lowest unoccupied molecular orbital 
( LUMO ) energy level of the graphene quantum dot layer and 
a valence band of the first semiconductor layer is smaller 
than an energy difference between a work function of the 
first electrode and a conduction band of the first semicon 
ductor layer . 

25 . The optical sensor of claim 24 , wherein an energy 
difference between a highest occupied molecular orbital 
( HOMO ) energy level of the graphene quantum dot layer 
and a conduction band of the second semiconductor layer is 
smaller than an energy difference between the work function 
of the first electrode and the conduction band of the first 
semiconductor layer . 

26 . The optical sensor of claim 23 , wherein a thickness of 
each of the second semiconductor layers is configured to 
allow tunneling in each of the second semiconductor layers . 

27 . The optical sensor of claim 23 , wherein the second 
electrode is a transparent electrode . 

28 . An image sensor , comprising : 
the optical sensor of claim 1 ; and 
a signal processing layer configured to process an optical 

signal detected by the optical sensor into an electric 
signal . 

29 . The image sensor of claim 28 , further comprising : 
an optical sensing layer on the first electrode , wherein 
the graphene quantum dot layer includes a first quantum 

dot layer and a second quantum dot layer , 
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the optical sensing layer includes a first optical sensing 
layer configured to sense light of a first wavelength 
band and a second optical sensing layer configured to 
sense light of a second wavelength that is different 
from the first wavelength band , 

the first optical sensing layer includes the first graphene 
quantum dot layer , 

the first graphene quantum dot layer includes the plu 
rality of first graphene quantum dots bonded to the 
first functional group , 
the second optical sensing layer includes the second 

graphene quantum dot layer , and 
the second graphene quantum dot layer includes 

the plurality of second graphene quantum dots 
bonded to the second functional group that is 
different from the first functional group . 

30 . The image sensor of claim 29 , wherein each of the first 
optical sensing layer and the second optical sensing layer 
further includes : 

a third graphene quantum dot layer including a plurality 
of graphene quantum dots bonded to a third functional 
group that is different from the first functional group 
and the second functional group ; and 

a fourth graphene quantum dot layer including a plurality 
of fourth graphene quantum dots bonded to a fourth 
functional group that is different from the first func 
tional group through the third functional group . 

31 . The image sensor of claim 30 , wherein sizes of first 
graphene quantum dots through the fourth graphene quan 
tum dots are different from one another . 

* * * * * 


